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1. Introduction 
Work with oriented membranes allows one to 
approach the problem of the spatial relations of vari- 
ous molecular components with respect to the mem- 
brane co-ordinates. In photosynthetic membranes, 
particularly, there is an interest in the relative orienta- 
tion of the pigment molecules with respect to the 
membrane plane. The most effective method of ori- 
enting the membranes is by using a magnetic field 
which tends to direct the normal to the membranal 
plane parallel to the field vector [ 11. From a study of 
dichroism and fluorescence polarization in a magnetic 
field it was concluded that part of the chlorophyll a 
antennae pigments, particularly those having an 
absorption band shifted to the red, are mostly ori- 
ented such that the J direction of the macrocycle is 
parallel, or is close to parallel, to the membranal plane 
[l-4]. This fact was also a basis to explain the polar- 
ization of electrophotoluminescence (delayed lumines- 
cence triggered by an externally applied electric field) 
from chloroplastic blebs [5]. In [5] the polarization 
was caused presumably by the selection of portions 
of membranes close to the pole (with respect to the 
electric field direction) to contribute significantly 
more luminescence, compared to portions of the 
membrane near the equator. Polarization was the 
direct result of the fact that the emitting pigments 
have their transition dipole in the membrane plane. 
Thus, the polarization of the luminescence is in a 
direction perpendicular to the electric field direction. 
The electric field-stimulated luminescence is the first 
example of polarized emission in the delayed lumines- 
cence from chloroplasts. If the emitting pigments are 
indeed oriented, as concluded from the above phe- 
nomena, it should be possible to observe emission 
polarization in natural delayed luminescence from ori- 
ented chloroplasts. These results confirm this predic- 
tion and give a few characteristics of the phenomenon. 
2. Materials and methods 
Spinach chloroplasts (class C) were used through- 
out most of the experiments, prepared according to 
[6] and stored for long times with complete preserva- 
tion of photosynthetic activities as in [7]. The stock 
chloroplasts were resuspended in a medium contain- 
ing 0.2 M sucrose, 10 mM NaCl, 20 mM Tris buffer, 
3 mM MgCl, and 50% (v/v) glycerol, at pH 7.8. Final 
chlorophyll concentrations were lo-20 pg/ml, mea- 
sured spectroscopically 181. 
Magnetic field-induced orientation of the chloro- 
plasts was achieved by placing the suspension in the 
cavity of a cooled electromagnet of a commercial 
NMR apparatus (Varian). Measured magnetic induc- 
tion values were up to 14 kG and maximal orientation 
could be induced in a few minutes, at the viscosities 
used throughout the work. The use of glycerol was 
critical to achieve and maintain chloroplasts orienta- 
tion. 
The experimental set up is sketched in fig.1. Flue- 
rescence and delayed luminescence were excited by 
continuous incandescent light, filtered through a 
Corning 4-96 filter and monitored by a photomulti- 
plier with an S-20 type photocathode (EMI 9558 B), 
specially shielded to avoid the influence of the mag- 
netic field. The emission was delivered to the detector 
through a 1 m long perspex light guide. A polarizer P 
(KS-DEM, Kaseman, Oberaudorf) was placed between 
the sample and the light guide, and could be rotated 
relatively to the magnetic field direction, either inde- 
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Fig.]. Experimental set-up (schematic view). Components: 
S,,S,, electronic shutters; F,,F,, optical filters; P, polarizer; 
PM, photomultiplier; B, magnetic induction. 
pendently or together with the light-guide, in a cali- 
brated way. Two electronic shutters (SI,Sz), control- 
led by a central timing unit, allowed the choice of a 
proper time schedule for the fluorescence and delayed 
luminescence measurements, the latter being usually 
monitored in the IO-100 ms time range following 1 s 
preillumination. The emission and emission polariza- 
tion spectra were obtained using narrow interference 
filters (Ditric Optics, Ah - 10 nm) between the light 
guide and the photomultiplier; for fluorescence, the 
results were also verified by alternative use of a 
Bausch and Lomb monochromator for the same pur- 
pose, while in the case of delayed luminescence the 
output of the photomultiplier had to be averaged 
(typically 100-1000 signals) by use of Nicolet 1170 
computerized signal averager with oscilloscopic display. 
3. Results and discussion 
3.1. Delayed luminescence of chloroplasts placed in a 
The value of the polarization ratio ~DL increases 
with both increasing the viscosity of the suspension 
medium and the intensity of the applied magnetic 
field, saturation being reached for high values of either 
of them. The field intensity dependence is shown in 
fig.3. If both the viscosity and the magnetic field are 
constant, qDL increases in time after the application 
of the field, ultimately reaching a steady-state value. 
qDL Decreases again to the normal value of 1 when 
the field is turned off (fig.4). These kinetics have a 
strong viscosity dependence, being, in the range we 
used, very slow (several minutes). magnetic field 
The natural emission of delayed luminescence from The prompt fluorescence emission of the same 
a chloroplast suspension is unpolarized, within our samples, measured under identical conditions showed 
detection limits. If the suspension is placed in a high a similarly behaving polarization, and the results cor- 
intensity magnetic field, the emission becomes polar- related very well with those reported in [3,9,10], 
ized. A typical example is shown in fig.2, for a mag- which were explained in terms of chloroplast orienta- 
netic field of 10 kG and the detection polarizer’s main tion by the magnetic field (as sketched in fig.]). The 
axis oriented perpendicular (DL,) and parallel (DL,,) polarization ratios are higher the more functional the 
to the direction of the external magnetic field, respec- chloroplasts, being the highest for intact (class A) 
tively. In such case the ratio DL,/DL,, = qDL is in our chloroplasts. Ageing induces decay of polarization, 
experiments always >I, and usually between 1.1-l .5. with a half-time of a few hours. 
1Oms 
H 
Fig.2. Delayed luminescence mission from magneto-oriented 
chloroplasts. DL,,,DL,_, emission detected with the polarizer’s 
axis parallel and perpendicular to the magnetic field direction, 
respectively. Conditions: spinach chloroplasts, suspended in 
0.2 M sucrose, 10 mM NaCl, 3 mM MgCl,, 20 mM Tris buffer 
(pH 7.8) and 50% (v/v) glycerol. B = 10 kG; F, (see fig.]), a 
Schott RG695 cut-off filter. 
Chlorella pyrenoidosa and Dunaliella salina cells, used 
for comparison, gave similar results. 
3.2. Factors influencing the polarization of delayed 
luminescence 
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Fig.3. Magnetic field dependence of delayed luminescence 
polarization. The polarization ratio q~~, measured 15 min 
after application of the different field intensities. AU other 
conditions as in fig.2. 
We conclude from the above observations that the 
polarization of delayed luminescence is a manifesta- 
tion of the magnetic field-induced orientation of the 
chloroplasts, the preferential orientation of the photo- 
synthetic membranes within the chloroplasts, and the 
assumed orientation of the pigments with respect to 
the photosynthetic membrane plane. 
3.3. Angular dependence of luminescence emission 
polarization 
The dependence of the measured delayed lumines- 
cence DL on the angle CY between the polarizer’s axis 
Timetmin) 
Fig.4. Field-off relaxation of luminescence polarization. ~DL 
as a function of the time elapsed after turning off the exter- 
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Fig.5. Angular dependence of luminescence polarization: 
ordinate, delayed luminescence (relative units); abscissa, 
angle 01 between the polarizer axis and the external magnetic 
field direction. Intact spinach chloroplasts, all other condi- 
tions as in fig.2. 
and the applied magnetic field direction shown in 
fig.5 lends further support for the above conclusion. 
The emission monotonously increases from (Y = 0” 
(DL,,) to 01= 90” (DL,), suggesting, in view of the 
geometry depicted in fig.1, that the pigments involved 
in emission have their Q, emission transition moment 
mainly perpendicular to the magnetic field vector and 
thus parallel to the plane of the photosynthetic mem- 
brane. This angular dependence is similar to the one 
we found for the emission of electrophotolumines- 
cence [5], where the geometry is different (the mem- 
branes are not oriented) and the reason for polariza- 
tion is a phenomenon of electroselection [ 5,11,12]; 
in both cases the conclusion regarding pigment orien- 
tation within the membrane is the same. 
3.4. Spectra of fluorescence and delayed lumines- 
cence polarization 
The chlorophyll-a molecules involved in light emis- 
sion, heterogenous in several respects and distinguish- 
able by their emission wavelength, do not supposedly 
have the same orientation within the membrane [4]. 
Measurement of the emission polarization spectrum 
of edge-viewed chloroplasts (fig.1) can give informa- 
tion on this orientation. For fluorescence. this has 
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FiS.6. Spectra of fluorescence and luminescence polarization: 
ordinate, polarization ratios for fluorescence (0) and delayed 
luminescence (0); abscissa, emission wavelength; conditions, 
as in fig.2, with F,-interchangeable interference filters (Ditric 
Optics). 
already been done, the conclusion being that the Q, 
transition moment of the longest wavelength emitting 
chlorophyll forms is oriented within a small angle to 
the membrane plane, while the shorter wavelength 
forms are much less oriented [3,9,13]. This conclu- 
sion has been strengthened by use of other methods 
[ 14,151. We measured both the fluorescence and the 
delayed luminescence emission polarization spectrum 
(fig.6). The following features are of importance: 
(i) The fluorescence polarization spectrum is similar 
to those in the literature [2,3,9]; 
(ii) The polarization values for delayed luminescence 
are in general higher than those for fluorescence; 
(iii) The two spectra are similar, with an increase in 
the polarization ratio towards longer wavelengths. 
3.5. Mechanistic significance of delayed luminescence 
polarization 
Reaction center chlorophyll orientation was 
probed by photoselection experiments and polariza- 
tion of absorbance changes for both PSI [ 16,171 and 
PSI1 [ 181, and shown to be predominantly parallel to 
the membrane plane. Recombination of charges at 
the trap of photosystem II first generates the excited 
state of the reaction center chlorophyll. Delayed lum- 
inescence is the ultimate result of excitation migra- 
tion from the reaction center to the pigment bed 
involved in fluorescence [ 191. Therefore the results of 
our experiments indicate that this type of energy 
transfer tends to conserve the original orientation of 
the emission transition moment of the exciton. It is 
also conceivable [20] that part of the prompt fluores- 
cence is actually very fast, delayed luminescence due 
to immediate charge recombination and therefore 
having the same properties as the slow delayed lum- 
inescence. 
4. Conclusions 
The emission of delayed luminescence differs from 
that of fluorescence in that: 
(i) The exciting light is off during measurement 
(whereas in fluorescence it is on); 
(ii) The excitation is generated at the reaction center 
(as opposed to fluorescence, where it is channeled 
towards it). 
From these differences stem the advantages of mea- 
suring delayed luminescence polarization in magneto- 
oriented chloroplasts: 
1. Methodologically, it can give information that is 
complementary to that gained by fluorescence and 
dichroism measurements. 
2. The information gained by this approach is more 
directly related to the orientation of the reaction cen- 
ter chlorophyll than by any other technique, except 
polarized electrophotoluminescence [5 ,l 1 ,121, the 
conclusions of which we essentially confirmed here. 
Also, these two methods are probably the only ones 
that can probe excitation migration from the trap 
of PSI1 rather than to it, as related to pigment orien- 
tation, organization and heterogeneity within the 
membrane. 
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